This study presents an investigation into the durability of geopolymer concrete prepared using high calcium fly ash along with alkaline activators when exposed to 2% solution of sulfuric acid and 5% magnesium sulphate for up to 45 days. The durability was also assessed by measuring water absorption and sorptivity. Ordinary Portland cement concrete was also prepared as control concrete. The grades chosen for the investigation were M20, M40, and M60. The alkaline solution used for present study is the combination of sodium silicate and sodium hydroxide solution with the ratio of 2.50. The molarity of sodium hydroxide was fixed as 12. The test specimens were 150 × 150 × 150 mm cubes, 100 × 200 mm cylinders, and 100 × 50 mm discs cured at ambient temperature. Surface deterioration, density, and strength over a period of 14, 28, and 45 days were observed. The results of geopolymer and ordinary Portland cement concrete were compared and discussed. After 45 days of exposure to the magnesium sulfate solution, the reduction in strength was up to 12% for geopolymer concrete and up to 25% for ordinary Portland cement concrete. After the same period of exposure to the sulphuric acid solution, the compressive strength decrease was up to 20% for geopolymer concrete and up to 28% for ordinary Portland cement concrete.
Introduction
Concrete is a widely used construction material for various types of structures due to its durability. The reduction in the carbon dioxide emission from cement production can contribute significantly to the turning down of the global thermostat. Utilization of waste materials has been encouraged in construction field for the production of cement and concrete because it contributes to reducing the consumption of natural raw materials as resource and also reducing emission of greenhouse gases [1] . Fly ash based geopolymer concrete, made up of fly ash, sand, coarse aggregate, and an alkaline solution of sodium hydroxide and sodium silicate, plays a significant role in its environmental control of greenhouse effects [2] . As a new material for construction, not much of information is available on the durability of geopolymer concrete. The service life and durability of a concrete structure strongly depend on its material transport properties, such as permeability, sorptivity, and diffusivity [3] . Permeability controls deteriorations of concrete in the aggressive environment, because the process of such deteriorations as carbonation and chloride and sulfates attack is governed by the fluid transportation in concrete [4] .
The durability of concrete is also an important requirement for the performance of the structure in aggressive environments. Acid resistance is one of the essential properties for structural materials [5] . Sulfate attack is known to produce significant degradation in concrete structures. Therefore, much attention was drawn to provide an adequate protection for concrete in contact with surroundings with high content of sulfate ions [6] .
Durability of alkali-activated slag based geopolymer concrete has been reported to have a superior durability in aggressive environments as compared to ordinary Portland cement (OPC) concrete [7] . Fly ash based geopolymer mortar specimens manufactured with varying alkali content showed varying degree of deterioration when exposed to sulfuric acid [8] . Geopolymer concrete was highly resistant to sulfuric acid in terms of a very low mass loss, less than 3% [9] . Geopolymer made of class F fly ash exposed to 5% sulfuric 2 Advances in Materials Science and Engineering acid solution exhibited best performance and had weight loss of 1.96% [10] . Geopolymer immersed in 5% sulphuric acid had the best performance, which was attributed to its stable cross-linked aluminosilicate polymer structure [11] . Based on the literatures, it was observed that the geopolymer concrete exhibited very good performance on the durability aspect. This paper presents the study of the durability of class C fly ash based geopolymer concrete exposed to sulphuric acid and magnesium sulphate solution.
Research Significance
One of the important steps of geopolymer synthesis is curing in dry or steam conditions and thus till recently the research emphasis was on thermally cured geopolymer composites synthesized normally with one source material. Most research articles deal only with alkali-activated class F fly ash. Literature is either scant or silent in respect of geopolymer synthesis with the high calcium fly ash. Further, being able to cure and develop strength at ambient temperature conditions is very important in terms of practical application. Hardly, there is few research reported on the durability of ambient cured class C fly ash based geopolymer concrete. In view of the above discussion, the present research article assumes significance. The paper presents the durability study of class C fly ash as binder component in producing ambient cured geopolymer concrete.
Materials and Methods

3.1.
Materials. Class C fly ash was obtained from Neyveli Lignite Corporation, having specific gravity 2.1 and specific surface 319 kg/m 2 used. The chemical compositions of the fly ash are shown in Table 1 . To activate the fly ash, commercial grade sodium hydroxide (NaOH) and sodium silicate (Na 2 SiO 3 ) alkaline solution was used as alkaline activator.
Locally available river sand as fine aggregate with a specific gravity of 2.64 and coarse aggregates with a specific gravity of 2.60 were used for making geopolymer concrete.
Testing Procedures.
All fly ashbasedgeopolymer concrete specimens (GPC) were prepared with an alkaline solution ratio (sodium silicate to sodium hydroxide) of 2.5 by mass, since the strength was maximum, when the ratio of sodium hydroxide and sodium silicate was 2.5 [12] . The grades of concrete chosen were based on IS 456-2000. The molarity of sodium hydroxide was chosen as 12. The mix proportion for geopolymer concrete is given in Table 2 . Both coarse and fine aggregates were used in saturated surface dry condition. The fly ash and the aggregates were first dry-mixed in a pan. Then the alkaline solution containing sodium hydroxide and sodium silicate was added and mixed. The cube specimens of size 150 × 150 × 150 mm and cylinder of size 100 × 200 mm were casted. After casting, the specimens were covered using polythene sheets to avoid the evaporation. The test specimens were left to room temperature curing of 28 ∘ C to 31 ∘ C. OPC specimens were also prepared for comparison purposes.
The sorptivity tests were undertaken for cylindrical specimens with 100 mm diameter and 50 mm height in accordance with ASTM C1585-04. The cylinders after demoulded were submerged in water for 45 days. After curing, the samples were dried in oven for 24 hours at 110 ∘ C temperature. The specimens were drowned with water level not more than 5 mm above the base of specimen and the flow from the peripheral surface is prevented by sealing it properly with nonabsorbent coating to maintain the uniaxial water flow during the test. The quantity of water absorbed in a time period of 30 minutes was measured. Finally the sorptivity coefficient was calculated using the equations given as follows:
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Δ is change in weight which equals 2 − 1 , where 1 is the oven dry weight of cylinder in grams and 2 is the weight of cylinder after 30 minutes of capillary suction of water in grams, is the surface area of the specimen through which water penetrated, and is the density of water. For water absorption test, 100 × 50 mm cylinders after casting were immersed in water for 45-day curing. These specimens were then oven-dried for 24 hours at the temperature 110 ∘ C until the mass became constant and again weighed. This weight was noted as the dry weight ( 1 ) of the cylinder. After that the specimen was kept in hot water at 85 ∘ C for 3.5 hours. Then the weight was noted as the wet weight ( 2 ) of the cylinder. Consider
where 1 is the oven dry weight of cylinder in grams and 2 is the wet weight of cylinder in grams after 3.5 hours.
The response of the geopolymer and ordinary cement concrete specimens in sulphuric acid and magnesium sulphate environment was studied by immersing the specimens in 2% sulphuric acid [13] and 5% magnesium sulphate solution [14] separately after 7 days of casting. The choice of solution and concentration was based on practical utilization of concrete as a construction material in sewage pipes, mining, and food processing industries. The specimens were kept fully immersed in these solutions, having four times the volume of specimens for 45 days. The solutions were replaced weekly with fresh solutions in order to maintain the concentration of the solution [15] . The effects of these solutions on the specimens were regularly monitored through visual inspection, measurement of weight change, and strength test. Samples for weight change test were primed in water for 3 days prior to immersion in these solutions and its saturated surface dry weight was considered as initial weight. These samples were removed from the solution and weighed at various stages of exposure in similar condition as the final weight.
Results and Discussion
Sorptivity.
Sorptivity is the measure of water absorption rate front through the unsaturated concrete under capillary suction. The results of the sorptivity tests are presented in Figure 1 . The incorporation of pozzolan such as fly ash reduces the average pore size and results in a less permeable paste which helps in achieving high strength, low permeability, and durable concrete [16] . Minimising sorptivity is important in order to reduce the ingress of chloride or sulphate into concrete [17] . The sorptivity of the geopolymer concrete gets increased with the increase in grade. The increase in the fly ash content increases the sorptivity [18] . The specimens with lower sorptivity and water absorption yielded higher residual compressive strength [19] as can be observed in the current study. Figure 2 indicated that the water absorption increased linearly with grades of geopolymer concrete. The increase in water absorption indicated the presence of higher void content due to incomplete process of geopolymerization. The lower water absorption was observed in geopolymer concrete compared to ordinary Portland cement concrete. The presence of higher silica content formed higher quantity of aluminosilicate gel and provides very good interparticle bonding. Hence, the silicate occupies the void spaces between the fly ash particles resulting in lower water absorption [20] . Figure 3 shows the visual appearance of the geopolymer concrete specimens after immersion in magnesium sulphate solutions. It was observed that the geopolymer concrete specimens' visual appearance was somewhat similar when compared to the OPC concrete specimens. The geopolymer concrete specimens had no significant change in appearance after 45 days of exposure to M40 M60 M20 Figure 3 : Geopolymer specimens exposed to 5% magnesium sulphate solution.
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Figure 4: Geopolymer specimens exposed to 2% sulphuric acid solution.
magnesium sulphate solutions. However, specimens seemed to be slightly damaged at the surface and around the edges of specimens in addition to more pores. The presence of efflorescence was observed on the surface due to presence of high calcium hydration products in geopolymer specimens as shown in Figure 5 . The sulphate attack on magnesium ions leads to gypsum precipitation and decalcification of C-S-H which destroys the binding capacity of C-S-H and leads to a loss of adhesion and strength in concrete [6] . The calcium hydration product was susceptible to the attack of the acid solution and if present in large quantity should cause the deterioration of the mortar. Therefore, the geopolymer concrete specimens and OPC concrete specimens showed the deterioration and wear down on the surface and edges. As can be seen from Figure 1 , the specimens of M40 and M60 immersed in the magnesium sulfate have similar appearances except M20. M40 and M60 grade specimens show a sign of slight deterioration, white deposits, whereas for M20 grade, only the loss of glossy appearance can be seen. It can be seen from Figure 6 that the visual appearance of the OPC specimens after 45 days of exposure showed no appreciable change in the appearance of the specimens. Figure 7 represents the density of specimens exposed to magnesium sulphate up to 45 days for M20, M40, and M60 grades. After 45 days of exposure, the density of geopolymer concrete specimens had gradually decreased with an increase in time. The decrease in density for all the grades was observed in the range of 4 to 6% in OPC, whereas it was about 2 to 3% in GPC when exposed to magnesium sulphate. The formation of gypsum as a result of cation exchange reactions is also capable of causing expansion but is normally linked to loss of mass and strength [21] .
The residual compressive strength has been used to evaluate the acid resistance of geopolymer concrete because of the rough surface and the exposed aggregate after acid immersion. Geopolymer concrete remains structurally intact. The compressive strength was used to evaluate the impact of acid attack on mechanical performance. As seen from Figure 9 , the strength reduction was significant for all the grades except M20. The strength loss of geopolymer concrete was measured in the range of 5-12%, whereas it was about 5 to 25% in OPC. In the presence of the calcium hydroxide formed in cement paste, when the latter comes in contact with sulphate ions, the alumina containing hydrates are converted to the high sulphate form ettringite. These ettringite crystals grow, expand, or swell by mechanisms. The residual load capacity indicates that some bonds still exist even when the specimen was neutralized by acid [22] . In addition, it is very interesting to compare the acid resistance between the grades. The high calcium presented in the source material makes the main geopolymerization products less susceptible to sulfate attack [23] . Therefore, M20 has higher compressive strength than other grades. Figure 4 shows the physical appearance of the geopolymer specimens of M20, M40, and M60 after 45 days of immersion in sulphuric acid. The specimens seemed to be slightly damaged at the surface and around the edges of specimens and the aggregates are clearly visible. Also, some fine localized cracks were observed. It has been observed that the surface of the specimens was badly eaten up and aggregates are clearly visible. The M20 specimens in 2% sulfuric acid solution were not that much damaged when compared to other grades. Figure 6 shows the visual appearance of the OPC specimens after 45 days of exposure showed no appreciable change in the appearance of the specimens. Figure 8 represents the density of specimens exposed to sulfuric acid up to 45 days for M20, M40, and M60 grades. After 45 days of exposure period, the density of geopolymer concrete specimens had gradually decreased with an increase in exposure period. The decrease in density was observed in the range of 5 to 7% in OPC, whereas it was about 2.5 to 4% in GPC when exposed to sulphuric acid. The decreases in density were primarily due to the reaction between calcium hydroxide presented specimens and the acid, which can induce tensile stress, resulting in cracking and scaling of concrete [24] . In addition, the siliceous compounds in fly ash reacted to form a more stable product of C-S-H that further filled the pores in mortars [25] .
Resistance to Sulphuric Acid.
The reduction in the density was also dependent on the fineness of fly ash [26] . The small particles of the fly ash allowed a denser packing of the mixture. Therefore geopolymer specimens yielded lower density. The surface of the fly ash particles was not smooth and therefore provides good bonding and would result in a smaller weight loss due to the sulfuric acid attack. Figure 10 shows the evolution of the compressive strength of the specimens exposed to the sulfuric acid solution. The geopolymer concrete specimens had 12-20% strength loss after 45 days of exposure to sulphuric acid. This may be attributed to the breakage of aluminosilicate bonding in geopolymer concrete caused by the sulfuric acid attack [10] , because aluminosilicate bonding is important as it gives strength to geopolymer concrete. In contrast, the OPC concrete specimens had 18-28% strength loss of sulfuric acid exposure. The rate of decrease of strength decreased with increase in fly ash content [27] . Among geopolymer concrete, M20 performed significantly better than the others. The high content of fly ash underwent less geopolymerization and less hydration associated with the calcium as compared to those of less amount of fly ash as indicated by the strength results [28] . 
Conclusions
This study presents the investigations of the resistance on magnesium sulphate and sulphuric acid solutions of geopolymer concrete and OPC. Based on the results, the following conclusions can be drawn.
(1) The GPC and OPC mixes indicated minor changes in weight and strength when the specimens were exposed to sulphuric acid and magnesium sulphate.
(2) The compressive strength loss from 7 to 45 days of exposure in sulphuric acid was in the range of 18 to 28% in OPC, whereas it was about 12 to 20% in GPC.
(3) The compressive strength loss from 7 to 45 days of exposure in magnesium sulphate was in the range of 5 to 25% in OPC, whereas it was about 5 to 12% in GPC.
(4) The decrease in density was observed in the range of 5 to 7% in OPC, whereas it was about 2.5 to 4% in GPC when exposed to sulphuric acid. (5) The decrease in density was observed in the range of 4 to 6% in OPC, whereas it was about 2 to 3% in GPC when exposed to magnesium sulphate. (6) The water absorption and sorptivity of geopolymer concrete showed lower water absorption and sorptivity when compared to ordinary Portland cement concrete for M20, M40, and M60 grade concrete.
